Musa Balbisiana Colla Underground Stem (MBCUS) catalyst was treated thermally mixing with 5:1 w/w of Strontium Oxide (SrO) and the dynamic sites were reformed. The MBCUS-SrO showed sharper crystalline phases as evidence from XRD and TEM analysis. The composition and morphology were characterized from BET, SEM, EDX thermo-gravimetric analysis (TGA) and XRF analysis. The optimization process for biodiesel production from Jatropha curcas L oil (JCO) having high percentage of free fatty acids was carried out using orthogonal arrays adopting the Taguchi method. The linear equation was obtained from the analysis and subsequent biodiesel production (96% FAME) was taken away from the JCO under optimal reaction conditions. The biodiesel so prepared had identical characteristics to that with MBCUS alone, but at a lower temperature (200 o C) and internal vapour pressure. Metal leaching was much lower while reusability of the catalyst was enhanced. It was also confirmed that the particle size has little impact upon the conversion efficacy, but the basic active sites are more important.
Introduction
Heterogeneous catalysis for transesterification of triglycerides emerged as a new field of research in recent past for biodiesel production from vegetable oil or fats [1, 2] . Among the solid acid catalytic transesterification, sulfated zirconium [3] and 12-tungstophosphoric acid supported on SnO2 [4] could be effective as described in literatures. Strontium oxide (SrO) has been regarded as a very effective one among the base heterogeneous catalyst for transesterification with about 96% conversion of cooked oil to biodiesel under microwave radiation at 1% loading [5, 6] . Nevertheless, the monetary value of pure SrO is very high and reusability is another shortage of this stuff.
As background information, biodiesel is made from vegetable oils or animal fats through transesterification reaction which uses alcohols in the presence of a catalyst that assist chemically breaks the molecules of triglycerides into alkyl esters (i.e. biodiesel) [7] [8] . The commonly used alcohols for the transesterification include methyl alcohol and ethyl alcohol. Methyl alcohol is most frequently used, due to its low price and high activity [5] . Low grade vegetable oil having high percentage of free fatty acids (FFA) or high moisture contents requires especially catalytic elevated temperature reaction for conversion to biodiesel [7] [8] [9] [10] . Furthermore, the factors which affect the process of transesterification are many viz. quality and composition of the oil, type of alcohol, oilalcohol molar ratio, type and amount of catalyst, reaction time, reaction temperature, stirring speed, etc. [11, 12] .
Very recently, waste derived materials have been drawn in several literatures for the transesterification of vegetable oil [9] [10] , [13] [14] . We reported a Musa balbisiana Colla underground stem (MBCUS) nano-material and its application for biodiesel production from high free fatty acid containing jatropha curcas L oil (JCO) and Meusa ferrea L oil in a single step under elevated condition. The MBCUS was found effective at just about 275 ˚C and 1:9 oilalcohol molar ratio and up to 98% ester could be recovered. The product separation, mechanism of catalytic effects and leaching of the metal ions were studied in particular [9] [10] . There is a general tendency to increase the catalytic efficacy of the MBCUS, because it can be easily prepared from an agricultural waste. The experimental optimization of several factors during the transesterification was reported in several literature via Response Surface Methodology [15] , Taguchi's Method [16] , etc.
In this approach, we prepared hybrid nature heterogeneous catalyst of SrO and MBCUS. The MBCUS-SrO preparation, characterization using different techniques, e.g. thermogravimetric analysis (TGA), SEM, TEM, XRD, XRF, BET surface area, including structural dimensions and application for the transesterification of JCO having a high percentage of free fatty acids have been reported. The Taguchi approach was used in this field, with the orthogonal array design used to screen the effects of four parameters, i.e., the molar proportion of alcohol to oil, reaction time, catalyst concentration and reaction temperature, for the production of JCO at five-storey. Further, the optimum reaction was carried out and reported. A few significant findings have been identified in this work, how the catalytic efficacy increases with the doping and formulation of the MBCUS-SrO during transesterification, the change in structure and crystalline nature, stability, reactivity and so along.
Materials and Methods

Materials
The JCO used for the design of experimental work was procured from an oil marketing company of Rajsthan, India. The JCO used to have acid value 18.4 mg KOH/g oil, while the initial water content was 759 ppm and used as such without further characterization as the same was properly stored and applied within a month time span. Although this JCO contains different fatty acids of varying chain lengths and different degree of unsaturation, yet it has four major fatty acids, namely: 32.3% linoleic acid (C18:2), 38.0% oleic acid (C18:1), 16.9 % palmitic acid (C16:0) and 8.6 % stearic acid (C18:0).
Catalyst preparation
The MBCUS material was obtained as per our previous publication [9, 18] . MBCUS nano material was thermally modified using strontium oxide (99.9% Purity). SrO was blended with MBCUS ash catalyst in 1:5 ratio by weight, i.e. 1 g strontium oxide to 5 g MBCUS catalyst, and named as MBCUS-SrO. This blend was further treated thermally in a muffle furnace for 1 h at 550 ˚C, cooled in desiccators and stored.
Characterization of catalyst
The MBCUS-SrO was characterized using XRD, XRF, BET surface area using nitrogen, thermo-gravimetric analysis (TGA), SEM and TEM. The powder X-ray diffraction analysis was carried out by using a PANalytical X'Pert Pro. The diffractometer employing Cu-Kα radiation to generate diffraction patterns from powder crystalline samples at ambient temperature. The Cu-Kα radiation was generated by Philips glass diffraction, X-ray tube broad focus 2.7 kW type. All samples were mounted on samples holder and the basal spacing was determined via powder technique.
The total surface area of the catalysts was obtained by the BET method using nitrogen adsorption at -195.850 °C. The analysis was conducted using Micromeritics ASAP 2020 series using nitrogen adsorption/desorption analyzer. The scanning electron microscopy with energy dispersive X-ray detector (SEM-EDS) technique was applied to hold the information on the morphology and elemental composition of the samples. The morphology of the catalysts was studied using a FE-SEM QUANTA 200 FEG from FEI Netherlands. The samples were coated with gold using a sputter coater. The elemental composition was analyzed by using an energy dispersive X-ray detector (EDS) mounted on the microscope. TEM observations were done with a TEM TECNAI G 2 20 S-TWIN (FEI Netherlands) electron microscope. A drop of the sample suspension diluted in alcohol was put onto a holey carbon film supported by a 3-mm copper grid and then observed.
The thermal stability of the catalyst was studied by using a thermo-gravimetric Analyzer (TGA) manufactured by Perkin Elmer, model STA 6000 for thermal and oxidative stability. The weight losses of the catalyst (prepared at 550 ˚C), temperature range 30-1,000 ˚C, heating rate 10 ˚C/min and constant flow of air and nitrogen (20 ± 0.5 ml/min) were recorded. The composition of the catalyst was determined by X-ray Florescence technique with Wavelength Dispersive X-ray Fluorescence-S8 Tiger from Bruker, Germany.
The basic strength of the catalysts (H _ ) was determined using Hammett indicator method. Approximately 100 mg of the catalyst sample was shaken with an appropriate amount of Hammett indicators diluted with methanol and left to equilibrate for 2 h until no further colour change was observed. The colour of titrate was then recorded. The following Hammett indicators were used: neutral red (H _ = 6.8), bromothymol blue (H_=7.2), phenolphthalein (H_= 9.3), 2,4-dinitroaniline (H_= 15.0), 4-nitroaniline (H_= 18.4). The base strength of the catalysts was defined as being stronger than the Hammett indicator if it showed a colour change but weaker if it showed no colour change.
Design of experiment for the optimization of transesterification process
An experimental design methodology adopting the Taguchi approach was employed in this study, with the orthogonal array design to screen the effects of four parameters, having in the molar ratio of alcohol to oil, reaction time, catalyst concentration and reaction temperature during the production of Jatropha methyl esters (JCO FAME). These four selected parameters were experimentally studied at fivelevels, i.e. L-25. The diversity factors were studied by crossing the orthogonal array of the control param-eters (Table 1) .
In this study, Minitab 16, which is a software for the Automatic Design and Analysis of Taguchi Experiments, was used to analyse the results and optimize the experimental conditions for determining the control variables.
Analysis of catalytic activity of transesterification reaction
The reactions were carried out in a HPHT Bench Top Batch reactor of 1.8 L capacity (Amar equipments Company, Mumbai, India). The transesterification reaction was performed by altering reaction temperature, oil to methanol molar ratio, reaction time and catalyst percentage. The impeller speed was set at 550 RPM. Initially no pressure was applied to the reaction system which raised up to 3.2×10 6 Pa with increasing internal vapor pressure at 200 0 C. The samples were collected after rapid cooling of the reactor using its integrated cooling system. Then, samples were taken by opening the sampling value. The samples collected from the reactor were allowed to settle in a ventilator before analysis. Since triglycerides, diglycerides, monoglycerides and free fatty acids (FFAs) analysis relates only with the oily liquid phase of the sample and the results are presented as percentage of the total oily mass, the oily mass was purged of impurities that might affect the final measurements. So, the oily phase was later transferred to the rotary vacuum evaporator (Heydolph, Germany Make) and the unreacted methanol was separated in 45-50 o C and 2.25×10 3 Pa. Then, the samples were centrifuged to separate the catalyst, glycerine (GL) and oily phase. The upper layer of the centrifuged sample consists of the oily
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Copyright © 2016, BCREC, ISSN 1978-2993 phase (biodiesel), the lower one of the GL, while in the middle, between the oil and the glycerine phase appears the catalyst. The process flow diagram has been depicted in Figure 1 . The catalyst was later washed using petroleum ether and methanol to remove the bound ester and glycerol.
Biodiesel analysis by GC
The biodiesel prepared were studied using Agilent make Gas Chromatograph (GC). The methodology used for biodiesel analysis was similar to our recent articles [9, 17] .
Fuel characteristic analysis of the biodiesel
The fuel properties of the biodiesel obtained were analyzed using appropriate ASTM D6751 and EN 14214 standard procedure specified for B100 biodiesel stocks. Density of the biodiesel was analyzed as per ASTM D 1250 using AN-TON PAAR Austria 5000M, an automatic density meter. Distillation characteristics were studied with Euro Dist System MPS-P 
Results and Discussion
Characterization of MBCUS-SrO catalyst
The basicity of the catalyst was found within the range of 9.3<H _ <15.0. The alkalinity of MBCUS-SrO is thus more potent than the weakest indicator phenolphthalein (H_ = 9.8) that showed a colour change from pink to colourless. Nevertheless, it is lighter than the strongest indicator, i.e. 2,4-dinitroaniline (H _ = 15.0) as no color change, was observed.
The XRD pattern of the catalyst is shown in the Figure 2 [9, 18] .
It is affirmed that the BET surface area of the catalyst has been dramatically reduced to 0.043 m 2 /g which is significantly very lower than MBCUS [9, 18] and SrO [24] alone. The total pore volume 0.000825 cm³/g for pores is smaller than 7854.3 Å (radius) at P/Po equal to 0.99 and pore size expressed as average pore radius is equal to 2.19 Å. The textiles have been found to be macro-porous in nature as well, which have been sustained from the average pore volume. This confirms that MBCUSSrO agglomerated to form a different structure (Figure 3 ).
The MBCUS-SrO has almost the same composition as MBCUS catalyst, but the amount of strontium oxide increased by 2.86%. The presence of transition metal oxides in trace amount was also detected in the catalyst in addition to chlorides as evidenced from EDX as shown in Figure 4 .
The structural information of the catalyst was considered from the TEM images as pictured in the Figure 5 . The individual MBCUSSrO agglomerates showed bigger dimensions viz. 200-500 nm length, but with sharp crystalline phases. Thermal and oxidative stability of the catalyst showed no such considerable distinction from MBCUS alone ( Figure 6 ) as evident from TGA analysis. 
Process optimization using Taguchi's method
Taguchi's method stipulates an organized numerical path to evaluate and optimize the process parameters for the production of JCO FAME. Taguchi's Method only uses welldefined sets of experimental for the optimization of the process parameters. The yields of JCO biodiesel ascertained from the gas chromatographic analysis (GC analysis) obtained from the twenty five sets of experiments is presented in Table 2 .
All experiments were performed with three repetitions, under the same experimental conditions i.e. molar ratio of alcohol to oil, reaction time, catalyst concentration and reaction tempera-ture. In order to execute the analysis systematically, the proportional importance of each parameter, an analysis of variance (ANOVA) was applied to optimize the results obtained using the Taguchi method. This provided information on the relative influence of parameters and their interactions with respect to the various settlements. According to the ANOVA results (Tables 3 and 4) , the most influential parameter in the production of JCO FAME was the catalyst concentration similar to the one described by Hassan and Vinjamur [19] .
The signal to noise (S/N) ratio can be employed to assess the quality characteristic fluctuation from the desired value. Based upon their characteristics the S/N ratios are of three different types, i.e. smaller-the-better, larger-the-better and nominal-the-better. The Mean S/N Ratio 36.87 S/N ratio, with a larger-the-better characteristic can be expressed equally:
where yij is the i th response of the j th experiment, n is the total number of tests. The S/N ratios for the twenty five sets of experiments are also shown in Table 2 . The mean yield of JCO FAME and the S/N ratio were 70.72 and 36.87, respectively. The mean values of S/N ratio, was evaluated from the influence of the process parameters and the interactions at specific levels, was the average of all the S/N ratios of a set of control parameters at a given level are shown Table 2 . The contribution of an experimental parameter was calculated from the maximum difference in the values between the mean S/N ratios and means (Appendix-i, ii). The order of influence of the parameters in terms of the issue of JCO FAME was: A (catalyst concentration) > B (reaction temperature) > D (reaction time) > C (molar ratio). The effect of S/N ratios ( Figure 7 ) is in concordance with the above trend.
Biodiesel production was observed as optimum at 200˚C, 5% Catalyst loading (w/v), 1h reaction time and 1/9 oil/methanol molar ratio, average yield of JCO FAME and the S/N ratio were 95.59 % and 39.62 as seen from the Taguchi's method, had been experimentally confirmed with 96% biodiesel yield in less than an hour in the presence of MBCUS-SrO catalyst. The equation obtained from regression analysis (Table 5) is as listed in Equation (2) . 
This equation signifies that the variable quantities required for the reaction to produce  biodiesel could be optimized and catalyst plays the vital role during the reaction to proceed at a faster rate. The other parameters for example reaction temperature, molar ratio of oil to alcohol and reaction time have been prefixed at optimum level reviewing several literature [7, [9] [10] [11] [20] [21] in such a way that the role of the catalyst could be found out with distinction.
Fuel property analysis of the biodiesel
The fuel properties of the biodiesel obtained after purification under the optimum set of reaction condition as stated in Taguchi equation was analyzed using appropriate ASTM and European standards. The properties were found equivalent to the biodiesel obtained with MBCUS alone with 96% conversion of oil to its corresponding esters. Similar conversion efficacy was also demonstrated by Koberg et al. [5] The SS of parameter added together with SS of residual error to form residual error SS (pooled). for cooked oil using pure SrO as catalyst under microwave irradiation. The free fatty acids were reduced to 2.3% from 9.2% originally present in the oil. This is imputable to the raised temperature and internal vapour pressure of the reaction mixture only, not because of catalytic effects because heterogeneous base catalyst has very little impact upon the free fatty acids. This fact was clearly reported in our previous article [9] . The fuel properties of the biodiesel obtained are enlisted in Table 6 . These values clearly demonstrate that the biodiesel obtained can be used as substitute of petroleum diesel without further treatment.
The catalyst leaching was observed in the crude FAME layers with MBCUS-SrO which were potassium 9 mg/kg and sodium 5.0 mg/kg. This K + leaching is 10 times less than MBCUS alone. The crude FAME was later washed with de-ionized water and dried using molecular sieve (3 Å) and carbon column. Thus, after the appropriate washing, treating and centrifugation, the metal concentration in the pure biodiesel was less than 5 mg/kg. From the above discussion it can be concluded that MBCUS-SrO has strongest basic sites and is more efficient between the two, irrespective of pore size, particle size or surface area. Magnesia modified with SrO was reported by Yoosuka et al. [22] having improved efficacy similar to MBCUS-SrO. Cetane number of the biodiesel obtained from the JCO was found to be lower than EN standards, but was within the prescribed limit of ASTM standards. The lower value of cetane number is attributed to a high degree of unsaturation and higher percentage of shorter chain fatty acid methyl ester which are primarily formed from the free fatty acids present in the oil (~ 9.2%). This is also concordance to our earlier reported results. The relatively lower value of flash point (115 o C) is also assigned to the same cause. Nevertheless, these values are in agreement to several other biodiesel obtained from low grade vegetable oil [2, 9, 23] . The reusability of the catalyst was studied and observed that the MBCUS-SrO is much stable than MBCUS alone and can be reused up to 5-time with activation and treating with just a reduction of conversion efficacy of 15 % only. The significant enhancement of efficacy of MBCUS-SrO to that with MBCUS [9] alone is that the high free fatty acid containing JCO could be converted to esters at relatively low temperature (200 0 C) low internal vapor pressure 3.2×10 6 Pa as against 275 ˚C and 4.2×10 6 Pa for MBCUS with similar amount of catalyst loading (5 wt.%). This is attributed to the increase in active basic sites in MBCUS-SrO. Catalyst leaching is reduced with MBCUS-SRO as compared to MBCUS alone, which is another positive attribute in the probe. The novelty of the materials and methods could thus be revealed.
Conclusions
MBCUS-SrO holds the greatest potential as a heterogeneous catalyst during transesterification of vegetable oil having a high % of free fatty acid under elevated condition. This catalyst is having plausible advantages over the MBCUS alone in the sense that at relatively low temperature and pressure almost equal conversion efficacy could be held. This is assigned to the active basic sites in the agglomerates of MBCUS-SrO. The monetary value of the pure SrO catalyst could be trimmed by 5 times. The Taguchi methods and orthogonal array analysis technique provided a really efficient tool for optimizing the process variables during transesterification. The overall optimized conditions unveiled that the catalyst plays a pivotal role during the conversion of oil to biodiesel. The product quality of the biodiesel obtained was very good under optimal operation and having 10 times less potassium and sodium leaching than MBCUS alone. It was also unveiled that either the particle size or the porosity has little impact upon transesterification but the active basic sites and crystalline nature effects much upon the conversion efficacy of the catalyst.
